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Coordinate Time On and Near the Earth

Cohen, Moses, and Rosenblum! have recently
called attention to certain relativistic effects which
must be considered when synchronizing clocks near
the Earth. These effects are actually well under-
stood, have been verified experimentally,?? and are
used by most time standards laboratories when
comparing remote clocks, as well as in Global Posi-
tioning System (GPS) operations. It is preferable to
think of such effects not as ‘‘synchronization er-
rors,”” but as well-determined corrections which,
within the conceptual framework of general relativi-

ty, can be applied to clock readings to allow the con- |

struction of a globally distributed, mutually self-
consistent network of synchronized coordinate
clocks.

Such corrections may be applied to standard
clocks near the rotating Earth to generate a coordi-
nate clock time equalling at each instant the coordi-
nate time of general relativity. In the local inertial
frame, tidal potential effects due to other solar sys-
tem bodies can be shown to have negligible effects
on clocks?; only the Earth’s gravitational potential ¥V
needs to be explicitly considered. When we keep
first-order corrections, and transform to a frame ro-
tating with angular velocity w, the metric may be
written?

ds?=[1+2(d— o)/ 21(c dt')?—2& - T'xdT" dt' — [1-2V/c*15,; dx' dx". (1)
The potential ¢ includes centrifugal effects, ¢, is the value of ¢ on the geoid, primes denote quantities mea-
sured in the rotating frame, and ¢ = (1+¢y/c?)tis a new time scale which takes advantage of the combina-
tion of effects causing standard clocks on the geoid to beat at equal rates.

For portable clocks having velocity V', Eq. (1) may be solved for ¢ dt’ and integrated along the path of the

clock to yield

cAt’=f ds[1—(p—g)/c2+v?2c2+ & - T'xV'/c?]. (2)

For synchronization along a path by means of elec-
tromagnetic (em) signals, ds vanishes. Solving (1)
for the elapsed coordinate time gives

At =[do'[1— (b= do)/cP+ 5 T'xT/], (3)
where do’ is the increment of proper distance along
the signal path, and €' is the velocity of the em sig-
nal pulse observed in the rotating frame. The
right-hand sides of Egs. (2) and (3) are expressed
in terms of measurable or calculable quantities.
With use of the corrections indicated in the above
equations, the coordinate clocks which read ¢ may
be consistently synchronized by either portable
clocks or em signals.

A portable clock has been carried between
Washington, D.C. and Paris to measure the Paris
Observatory clock [UTC(OP)] against the U.S. Na-
val Observatory (USNO) master clock [UTC(USNO
MC)]. At 0802 UT 10 September 1983, it was
found that UTC(USNO MC)—-UTC(OP)=1.01
us £0.035 ws,* with a relativistic correction of 23
ns. Time comparisons were concurrently derived
from common-view’® em measurements of GPS
satellites, conducted between National Bureau of
Standards (NBS), Boulder, and USNO, and be-
tween NBS Boulder and Observatoire de Paris. The
geometry-dependent Sagnac correction from Boul-
der to Paris varies from 71 to 112 ns and that from
Boulder to Washington, D.C. varies from 11 to 13
ns. Using the appropriate relativistic corrections for
each common-view time difference obtained via
GPS NAVSTAR 4, 5, and 6 satellites yields

1858

r
UTC(USNO MC)—~UTC(OP)=1.100 us

+0.02
wus. The agreement between the two methods of
comparison of coordinate clocks is well within the
measurement uncertainties, and is evidence that a
coordinate-time clock network can be established
near the Earth for which synchronizations using
portable clocks and em signals agree.
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